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ABSTRACT 


The study of the characteristics of the 
wakes of a cascade of airfoils has direct relevance 
to the aerodynamic design of axial flow compress- 
ors and turbines. Knowledge of flow properties of 
cascade wake is ne ce ss ary to predict rotor stator 
interaction, the noise generate d due to inlet wake, 
and blade row vibrations induced by upstream wakes. 
In the present investigations, mean flow measure- 
ments have been carried out on a compressor cas- 
cade wake at three different values of free stream 
turbulence upto a turbulence intensity of 8. 78 % . 
The Reynolds number based on blade chord was 
1.31 X 10 . A three dimensional spherical probe 
was used for me asurements. A special calibration 
rig was fabricated for this probe and it was 
accurately calibrated . Measurements include the 
mean velocity and free stre am turbulence intensity 
for three incidence angles. The velocity profiles 
were asymmetric about the center-line , Using 
appropriate velocity and length scales, similari- 
ty in velocity profiles was observed for all the 
three stream turbulence levels. The effect of 
stream turbulence on wake decay was not signifi- 
cant upto a stream turbulence of 2.78$, 





NOMENCLATURE 


U 

U e 

U c 

x 

y 

Vo 

V o s 


^op 


Lo 


Chord length 

Wake velocity 

Wake edge velocity 

Wake centre-line velocity 

distance from the trailing edge along the wak. 
centre-1 ine. 

Distance acaross the wake from and perpendi- 
cular to wake centre-line. 

Scaling velocity (U e - U c ) 

Scaling length (on suction side). 

It is the distance on suction side of wake 
centre-line , from the point of minimum velo- 
city to a point where velocity is jt(U e -U c ) 
Scaling length (on pressure side). 

It is the distance on pressure side of wake 
centre-1 ine , from the point of minimum velo- 
city to a point where velocity is ^(JJq-U^) 


Mean scaling length 


L op + ^os 


V e t Wake edge velocity at trailing edge. 
x Q /c Virtual origin. 

£> Pitch angle 
^ Yaw angle 

K & Inclination factor as a function of $ with 

constant . 

K r Inclination factor as a function of r with 
constants . 

h Manometer readings (mm w.g) 

Suffix 1,2, 3, 4, 5, Corresponds to holes 1,2, 3, 4, 
and 5 respectively (Figure 2) 

V 12 Velocity factor (function of & & Y ) 

P si Static pressure factor, 
hq dynamic head. 
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h sia t Static head of the pitot static tube. 

H 0 Total head of the pitot static tube. 

W Free-stre am velocity 

Suj Density of water 

So. Density of air 

g accelerat ion due to gravity. 

~ajl Coefficient of viscosity. 

VrMS Root mean square value of voltage, in milli- 
volts. 

V Bridge D.C. Voltage in volts. 

V 0 Bridge voltage at zero flow velocity . 

Q 0 Free-stre am dynamic pressure, 

ffj Total pressure in the wake. 

Pq static pressure in the wake. 

H c = H 0 - Hi 

Vo 

S 1 = H 0 - p 2 

Vo 

y w distance normal to wake centre-line velocity 
from position of H c Max. to the point at wh- 
ich readings are taken, 
d interval at which C ^ is determined, 
m parameter depending on geometry. 
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CHAPTER 1 
INTRODUCTION 


The flow through the blading of an axial 
flow turbomachine is an extremely complicated 
three-dimensional phenomenon. It has significant 
viscosity effects and gradients of flow phopertie s 
in the three physical dimensions (axial, radial , 
and circumferential) , as well as in time. In addit - 
-ion, boundary-layer growth, separation, and tip 
clearance affect the flow to a great extent. Since 
a complete solution to such a problem is not curr- 
ently obtainable , it is treated by making simpli- 
fying assumpt ions. 

The three t^.mensional aspect of the main 
flow is considere d to be de scribe d e ssentially by 
inter-related two dimensional flow in two princi- 
pal planes. First, the flow in the blade-to-bl ade 
or circumferential plane containing the tangential 
direction and describes the turning effects of the 
blade. Secondly, under the assumption of axial 
symmetry, the average quantities in the bl ade-to- 
blade plane are used to describe the distribut ion 
of the flow in the hub-to-casing or meridional 
pi one. 


The two dimensional blade -to- blade flow 
surface is taken as cylindrical. This cylindrical 
surface is developed into an infinite plane casca- 
de. The cascade consists of a group of blades of 
constant profile mounted in a parallel fashion. 

For an actual blade of varying section the mean 
section would yield the average performance , 
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The knowledge of characteristics of wake 
behind a cascade of airfoils has a wide range of 
significant scientific and engineering applica- 
tions. Its structure has an import ant role in 
understanding the vibrations produced by the peri- 
odic forces in an axial flow turbomachine. As the 
flow through a row is turned by the blades , the 
boundary layers formed on either surfaces of each 
blade form wakes behind the blade row. The cascade 
wake is turbulent and usually grows in thickness 
downstre am. Assoc iated with the wake are velocity 
and pressure variations. This unste ady, periodic 
flow- field surrounding the blades induces bending 
and torsional vibrations of the blade. As a 
consequence it may lead to structural failure of 
the blades. 

1 . 1 Review of available literature : 

Numerous studies have been carried out 
in the past on wake flows of isolated airfoils. 
These studies show that the similarity in the mean 
velocity profile exists close behind the airfoil 
and that the wake centre-line velocity recovers 
to about 80fo of the free stre am velocity within a 
quarter chord length from trailing edge , 

Spence (1) gave a general expression for 
the wake decay , free of the geometry of the air- 
foil, in terms of wake centre-line velocity, wake 
edge velocity , distance from, trailing edge and the 
chord length. 

Chevray and Leslie (2) investigated exp- 
erimentally the wake of a thin flat plate at a 
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Reynolds number of 1.5 I 10 4. The flow was found 
to be uniform over 75 % of the span (wind-tunnel 
width) at the trailing edge and over 60% of the 
span at the last down st re am station 240 cm from 
trailing edge. The wake was found to be symmetric- 
al, and grew gradually downstream . The quasi-peri - 
odic motion often associate d with the wakes of 
two dimensional bluff bodies was absent. 

Bradshaw (3) predicted the mean velocity 
characteristics of the near wake of symmetrical 
airfoil using a ’mixing length * fit to data of 
Chevray & Kovasznay (2). It was concluded that 
the mixing length fit is not valid once the inner 
wake spreads. 

In the outer layer, the flow was no 
longer self- preserving. Shear stress profiles 
showed a large error accumulated for distances 
greater than 50 cm from the trailing edge. The 
mixing length fit is not valid for asymmetric 
wakes. 


The experimental data due to Lieblein 
& Roudebush (4) on Low speed wake characteristics 
of two dimensional cascade and isolated airfoil 
sections showed that the wake centre-1 ine velocity 
attained 75 to 85% of the free-stre am value with- 
in quarter chord length downstream of the blade . 

The variation of wake momentum thickness , air 
outlet angle, and mixing loss were also indicate d 
to occur within a short distance behind the blade t 

The wake of a cascade of airfoils differs 
from that of an isolated airfoil in several ways. 
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(a) The wake of a cascade decays slower than the 
wake of an isolated airfoil, (b) The cascade wake 
encounters an adverse pressure gradient because 
the wake edge velocity decreases with down st re am. 
distance. While the isolated airfoil encounters 
favourable pressure gradient due to the increase 
in wake edge velocity with downstre am distance, 

(c) Since the wake edge velocity increases in an 
isolated airfoil , the momentum thickness decre ase s. 
While in cascade it incre ase s due to decre asing 
wake edge velocity » 


Raj and Lakshminarayana (5) carried out 
analytical and experimental investigations of the 
near and far wake characteristics of a cascade of 
cambered airfoil at a Reynolds number of 3 X 10 


The theoretical study of Ref, (5) was 
based on similarity consideration applied to the 
turbulent boundary-layer e quat ions, assuming self- 
preservation and neglecting curvature terms t The 
continuity and momentum e quat ions in incompressible 
flow , neglecting viscous diffusion and normal str- 
ess are 


££= o 

px 

U dU , nu . Zuv _ U e }U e 
*x + Ty + Jy~ T2 

where x is the distance from the airfoil trailing 
edge along the wake centre-line , y is the distance 
across the wake from and perpendicular to the wake 
centre-line , U and V are mean velocities in x and 
y directions respectively , u and v are mean turbu- 
lent velocity components in x and y direction and 
U e is the wake edge velocity . It was shown that 
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U e ( x) ^ x-ttl . U c (x) /U e (x) ^ jt(1-ui)I2. and 

b(x ) x(m+l)/2. where h is the wake width and Uq 

is the wake centre-line velocity. 

The experimental investigation in Ref. (5) 
was carried oat with NASA-(8A 2 I 86 ) 10 blade section 
cascade of seven blades with the following salient 
specif icat ions. 

Air inlet angle = 45° 

Solidity c/S = 1.505 (where S is 

hi ade sp ac - 
ing and c 
is chord) 

Incidence i = -6°,0°,2° 

Reynolds No, Re =31 10 s . 

Free stream turbulence Tu = 0,16$ , 

Me asurements were taken upto x/c = 0.72 downstre am 
from trailing edge. A five-hole prism shaped probe 
was used in combinat ion with three pressure trans- 
ducers, to measure the re suit ant direction of the 
flow and the stagnation and static pressure. 

The results obtained in Ref. (5) are 

(i) The wake is asymmetrical. The mean velocity 
profiles become symmetrical about the wake centre- 
line, when two different scaling lengths are used 
for each side of the wake. This confirms the self 
preservatory assumptions. 

(ii) The wake edge velocity changes continuously 
giving rise to either slower decay of the wake 
defect (as with decreasing free-stre am flow) or 
faster decay (with accelerating mean flow). The 
wake centre-line velocity increases with downstre am 
distance from trailing edge and the value of 
■§-(-m+l) and C d vary with solidity and incidence . 
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Table 1 


8 (—TTl+1 ) C qT 


Isolated airfoil (6) o, 487 " '"'o^'OJ3 

Cascade c/S=0.92 (4) 0. 450 0. 016 

Cascade c/S=1.505 (5) 0.390 0,030 

Where , m > is a parameter that depends on various 
geometric factors. 

(Hi) Turbulence intensities are higher in cascade 
wake than in flat plate wake. 


Gustafson and Davis (7) considered the 
boundary layer e qu at ions containing long itudinal 
curvature terms. The continuity and momentum equa- 
tions used ignoring viscous stresses are 

+^L((l+ky)v) = 0 

1 u l>u , v 7>u , kuv l 3 d 3- 

T+ky Tx + =5y + I+ky + ?(T+kyJ ^ = CgL+Ske 3u 

^y d 7+ZyTy 

1 2p _ ku 1 2 
? ~dV ~ T+ky 

where p(x,y) is the pressure , u and v the mean 
turbulent velocity components , k(x) the curvature , 
and the Reynolds stress has been replaced by an 

eddy viscosity law , -u\v*=^^u_, where 6 (x) is 

3 y 

the eddy viscosity, assumed to be a function of 
x. Solutions were obtained separately for local 
similarity, and global similarity considerations. 
The similarity solutions tend to become poorer 
near the trailing edge, but the local similarity 
solution in general gave a better agreement with 
experimental data of Ref, (5). The agreement impro- 
ved further dawnstre am but was re asonably good at 
10 c f of chord from trailing edge, at small inciden- 
ce. The value of m was as follows , 
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Table 2 

Angle of incidence 

i 

2 0.0198 

0° 0. 0473 

-6° 0,1157 

Schlichting and Das (8) measured the 
turbulence intensity encountered in a mult ist age 
axial flow compre ssor. The turbulence intensity 
increased from stage to stage downstream . A value 
as high as 5 to 6$ in the sixth stage of axial 
flow compressor was obtained which remained cons- 
tant at this asymptotic value further downstream. 
Schlichting and Das (8) suggested that turbulence 
variation may influence the allowable pressure 
gradient at which boundary layer begins to separate. 

Evans (9) studied the free stream turbul- 
ence effects on the turbulent boundary layer and 
showed that an increase in turbulence level increa- 
sed the fullness of the velocity profile , kinetic 
energy , shear stress , and skin friction ; and 
showed decrease in displacement and momentum thick- 
ness. 

Evans and Harlock (10) modified the 
existing boundary layer calculation procedure by 
including extra terms in both the turbulence model 
equation and the momentum integral equation to 
account for freestre am turbulence . The investigat- 
ion showed good agreement with flat plate boundary 
layer me asurements in a turbulent freestre<m % Due 
to the decay of turbulence level in the stream- 
wise direction in the experiments the effect of 
turbulence was overestimated in the calculations. 
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Citavy and Norbury (11) studied the per- 
formance of a compressor P7D (Prescribed velocity 
distribution) cascade and the behaviour of the se- 
paration bubble, at several Reynolds numbers and 
turbulence intensit ie s of upstream flow. It was 
observed (Ref. 11) that the aerodynamic loading 
(i.e. the suction peak) increased with increase 
in Reynolds number for turbulence level greater 
than 0.35%. At maximum Reynolds number (Re) of 
2 X 10 $ separation bubble occured even at turbul- 
ence intensity (Tu) of 4.4%. At Reynolds number 
of 1.52 X 105 separation bubble occured at turbul- 
ence intensity of 0.35%, at Re=0.93 X 10 & it occur- 
ed at Tu-2.1% and at Re=0. 69 X 10 5 the separation 
bubble occured at Tu=4. 4% accompanied by a sudden 
change in the pressure distribution. In particular , 
the suction peak decreased . It was also observed 
that the transition within the separated shear 
layer took place latter in lower turbulence inten- 
sity than in higher. Bursting occured at lower 
Reynolds number when the turbulence intensity was 
high. 

Table 3 

Tu Reft 

0. 35% 1.52 X 10 5 

4.4% 0.69 X 10 5 

Where Be $ is the Reynolds number at bursting of 
the bubble and Tu is the turbulence intensity . 
However, the effect of turbulence intensity on 
laminar separat ion did not seem to be very strong. 

Mo attempts have been made in the past 
to investigate the effects of inlet turbulence on 
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the wake characteristics . Eagle son, Huval and 
Perkins (12) suggested that at higher levels of 
freestream turbulence , the wake decay characteris- 
tics may be different. The data of Eagleson etal (12) 
for a flat-plate wake in a water tunnel indicated 
that the near-wake decay law changed from to 

arl when the turbulence level was around 4 to 7% 

In the present investigations efforts are made to 
study the near and far wake characterist ics of a 
cascade of compressor blades. The me asurements 
are taken under different free-stream turbulence 
intensities in a low speed cascade tunnel for 
three incidence s. 

I, g Scope of present investigations : 

It was established in Ref. (8) that the 
turbulence intensity increased with the number of 
stage in the multistage compressor . From design 
point of view, it is therefore desirable to know 
the near and far wake characteristics of a cascade 
at higher free stre am turbulence levels. 

In the present investigations mean velo- 
city was measured in the wake region close behind 
the cascade of compressor blades at various axial 
and transverse locations. The Reynolds number was 
maintained at 1.31 X 10 5 . The turbulence intensit- 
ies generated were 1.18$, 1.61$ and 2.78 $ for —4®, 

0 o and ISP angle of incidence for the cascade. 

The five hole spherical pitot probe (Re f. Gupta 
& Sullery (13)), traversed by means of a three 
translational degree of freedom traversing mechan- 
ism, fitted with five digit mechanical counters 
was used for mean velocity me asurements. The air- 
foil section chosen for the purpose is, (Figure 1) 
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NACA 65-(12Ajq)jq (Ref. 14). All pressure readings 
were taken with a mult imanamete r inclined at 60° 
to the horizontal plane, with an accuracy of 0.5 
mm. 


Grids were used for the generation of 
turbulence upstream of the cascade , (Ref. 11). The 
turbulence intensity was measured using DISA 55A01 
hotwire anemometer. 

The experimental programme included the 
effects of free stre am turbulence intensity on the 
characteristics of the wake behind the compressor 
blade cascade. 
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CHAPTER 2 
TEST SET-UP 


2.1 Wind Tunnel: 


The existing cascade wind tunnel at the 
Propulsion Lab of the department was used for 
carrying out the present experimental investiga- 
tions, The salient specifications of the tunnel 
are as follows. 

Test section 38.10 cm X 30,48 cm 

Max . Speed 44. 44 m/s 

Min. Speed 6.10 m/s (At temperature of 

25° C & pressure of 
72 cm of ffg)i 


Motor H . P. 30 

B.P.M. 1460 


Shutter arrangement near the eye of the blower 
provides for control of the air speed in the abave 
mentioned range* 


2 , . 2 The Cascade and the Test Section : 

The tests were carried out on a cascade 
with five blades. The cascade blades were fabricat- 
ed from seasoned wood and were given a shellac 
finish. The blade profile Figure (1) has following 
specifications. 

Chord length c ~ 10,16 cm 
Blade span S - 30.48 cm 

Sol idity % « 1.33 

Mean velocities were measured at an inlet angle 

45°. The test section had two aluminium plates 
one at the top and the other at the bottom which 
kept the cascade in place. Holes were provided in 
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the top plate near the leading edge of the blade 
for me asuring the free- stre am velocity and turbu- 
lence intensity. 

2. 2. 1 Modification in the test section : 

The two side walls of the test section 
were cut to different sizes so that the flow from 
the exit of cascade does not strike the walls , 
thus enabling more accurate me asurements. The side 
walls were made of perspex sheets so that the up- 
stream probes were visible while setting them 
along the flow. 

2. 3 Instrument at ion : 

The upstream velocity me asurements were 
carried out with the help of pitot static tube. 

The turbulence intensity was measured with the 
hot wire probe of 0.003 diameter platinum wire 
and the DISA 55A01 constant temperature hotwire 
anemometer. 


A five-hole spherical probe was used 
for down stream measurements (Figure 2). Hegge 
Zifnen (15) showed that when the angle between 
the central hole and the other holes lie between 
40 0 and 45 0 the sensitivity of the probe is at 
its maximum. The probe was attached on a brass 
tube with its centre line in the axial direction. 
Five stainle ss steel tubes of fk0D2 cm diameter 
were used as connectors between the probe and the 
manometer tubes. A multimanometer inclined at 60 0 
to the horisont al using water as the manometric 
fluid was used for measuring the pressure heads. 
The five hole probe was attached to a three dimen- 
sional traversing mechanism (Figure 3). 
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2. 4 Calibration Rig : 

The calibration rig Figure (4), (5) & (6) 
used for calibration of the probe consists of three 
perpendicular axes x,y and 2 , with a common 
intersecting point coinciding with the centre of 
the sphere of the probe. Thus enabling the centre 
of the sphere of the probe to remain fixed, at 
any position of the axes. The axes of the rig 
have been fitted with protractor scales to read 
the rolling , yawing and pitching angles. 

2. 5 Turbulence Grid : 

The grid used to generate the turbulence 
intensity of 1.61 $ was made of 0.24 cm wire with 
a spacing of 2.22 1 2.22 cm. Figure (7). It was 
put imme diately before the test section. 

The other turbulence intensity of 2. 78f> 
was generated by a grid of steel bars 1,27 cm. dia > - 
meter with a spacing of 5.08 I 5.08 cm Figure (8). 
This grid was kept at a distance of about 80 cm 
upstream of the test section. This spacing was 
maintained by a duct of 80 cm length of the same 
cross-sect ion as that of the test section. 

The turbulence intensity decays upstream 
of the cascade . The values quoted here correspond 
to position at the inlet to the blade passages of 
the cascade. 

2. 6 Calibration method for the five-hole spherical 
pitot probe : 

For calibration (Ref. CFR Nowack (16)) 
the probe-head was set at a distance of about 
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18 cm from the convergent section of the tunnel in 
line with its axis. The holes 2 and 4 (Figure 2) 
were set in the vertical plane and consequently 3 
and 5 in the horizontal. Pressure readings of the 
five measuring holes were taken on the inclined 
multimanometer. To determine zero reading of the 
protractor scale of the calibration rig a fine 
adjustment of the probe was ne ce s s ary until mano 
meter readings of the holes 2,3,4 and 5 gave the 
same value. During calibration , increment of 10 0 
were selected for the yaw angle(^)at constant 
pitch angled. Manometer readings of each positions 
were noted. After each setting of the yaw angle 
in the range of — 60° to 4 - 60 ° , the pitch angleiS) 
was varied in steps of 5° in the range between 
-60° and +60°. 

Flow velocity at the convergent end of 
the wind tunnel was held constant and was periodi- 
cally controlled after each setting by a pitot 
static tube which was removed from the flow field 
during calibration (Figure 27 and 28). The same 
probe arrangement was also used to note static 
pressure . 

From the manometer readings , curves 
were drawn for the inclination factors K, velocity 
factor 7 and pressure factors P$t as a factions 
of 4- $ and + (// (Figure 12,13 , and 14). In order 
to check reproduc ability, several positions of the 
probe were repeated at different speeds of differ- 
ent days. It was found that the factors held prac- 
tically the same values. 
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CHAPTER 3 
TESTING TECHNIQUE 

The existing cascade wind tunnel was 
suitably modifie d, as already mentione d, and used 
for present investigations. Model was fitted in 
the test section and rotated to set at zero inci- 
dence. The five-hole pitot probe was fitted on 
the traversing gear assembly (Figure 9). The probe 
was held at a position behind the cascade model at 
the blade mid span and was screwed to the travers- 
ing gear at this position. The travers was so 
positioned pcrs^TTSned; that the probe was along the 
centre-line of the blade (Figure 10). A pitot 
static tube and a hot wire probe was provided near 
the leading edge of the cascade blades (Figure 11). 

3. 1 Experimental Procedure ; 

The tunnel was made to run and the mass 
rate from the blower was adjusted so as to get a 
Reynolds No. of 1.31 X 10 S .The free-stre am velocity 
was measured with the pitot static tube. And the 
free-stre am turbulence with hot wire probe. Both 
pitot static tube and the hot wire probe were 
then removed from the test-section. The five-hole 
probe was traversed normal to the wake centre-line. 
Readings were taken at an interval of 0.1 cm till 
uniform velocity was reached on both sides. The 
probe was then traverse d along the centre-line 
away from the trailing edge of the blade and the 
me asurements across the wake were repe ated. The 
stations along the centre line away from the trail- 
ing edge are given in Table 4, 
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Table 4 


Station 

x/c 

1 

0. 01 25 

2 

0. 1 250 

3 

0 . 2500 

4 

0. 5000 

5 

1. 0000 

6 

1. 5000 

7 

2. 0000 


Incidence was changed by rotating the 
blades. Readings were repeated at incidence of -4° 
and IS 0 . Beyond these critical values the coeffici- 
ent of drag increased rapidly (Ref. 14). 

This completed one set of readings. The 
wire grid was then placed immediately before the 
test section and the above procedure repeated . 

The third set was taken with the steel 
bar grid and spacer duct fitted before the test 
section. 

3. S Practical problem encountered during experiment 

The flow from cascade exit was striking 
the side wall of the test section at an angle , 
when the cascade was set at positive incidence , 
thus resulting in incorrect measurement of pressure 
heads. 


The side walls of the test section were 
then Modified as in 2.2.1. 
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3, 3 Date re duct ion : 

The following parameters were deduced 
from the reading noted: 


1. 

Free- stre am velocity 

(W). 


2. 

Free-stre am Reynolds 

number (Re). 


3. 

Free- stre am turbulence intensity 

(Tu). 

4. 

Mean velocity in the 

wake region 

(U). 

5. 

Virtual orgin (x Q /c) 

• 


6. 

Coefficient of Drag 

(C d l. 



3. 3. 1 Free-stre am velocity : 

For the me asurement of free-stre am velo- 
city the total head and the static head was noted 
with the help of pitot static tube. The free-stre am 
velocity was then determined from the following 
rel at ion. 

B = MB' - bstatiJiTVJ %~1) " 

and l^are the density of water and air respect- 
ively at the temperature and pressure of surrounding 
atmosphere. *g* is the acceleration due to gravity. 

3. 3. 2 Free-stre am Reynolds number : 

The free-stre am velocity being known the 
Reynolds number was determined from the formula 

Re - S^Wc/m. . 

Where m is the coefficient of viscosity for air at 
the surrounding temperature and pressure. 

3. 3. 3 Free-stre am turbulence intensity : 

With the help of constant temperature hot 
wire anemometer, root mean square value of A.C. 
voltage in millivolts , D.C. bridge voltage at zero 
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flowve locity and at the megsuced velocity, in volts 
were noted. Using the following relation the free - 
stream turbulence intensity was determined. 


Tu 


100 X V RMS X 4V 
I'OoO ( V 2 - l rtf) 


3. 3. 4 Mean velocity in the wake region : 

Pressure heads were recorded with the 
help of multimanameter corresponding to the five 
holes of the prob. Inclination factors and 
were then calculated as follows . 


Inclination factors: Kg = ’ 


Ku 


hi - hg 

T 


l l " "5 

Corre sponding to the values of K ^ and K ^ the 
dire ct ion of the velocity vector was determine d 
with the aid of the Calibration curves for the 
inclination factor K (Figure 18). With S and ¥ 
known the value of Vjg was determined from calibra- 
tion curves for the velocity factor V^g (Figure 
13). The dynamic head was then determined as 

h. = h i - h e 
g 

With air as flow medium , the velocity was deter- 
mined from the following formula. 


U - 4 hk m/s 


3. 3. 5 Virtual origin : 

The momentum integral relationship 
between velocity defect in the wake to the profile 
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drag is as follows. 


u _c_ = 

U e 


K 


/£ + x o ) 
{ o T 


£(-m+l) 


Values of x/c and the corresponding values of 
U c > U e etc. obtained from, the experiment were 
substituted to determine the value of x Q /c . 


3. 3. 6 C Deficient of drag : 

The coefficient of drag was obtained 
from observations of pre ssure s in the wake. For 
determining the drag coefficient, the coefficient 
of loss of total pressure, and the static pressure 
coefficient in the wake were obtained as follows. 

Total pressure (H 0 ) in front of the 
airfoil and free-stre am dynamic pressure q Q were 
obtained from 3.3.1. q 0 being equal to E 0 -h sta t. 

The values of hj and hg were obtained from 3.3.4 
and P s tl from Figure(14 ) for the values of Sand 
tyof 3.3.4. Static pressure in the wake (pj) was 

obtained from the relation pj = hj ~ ? stl ^ q • 

Total pressure (Ej) in the wake was then found 
from the formula Eg = Pj + hq . 

The value of coefficient of loss of total 
pressure (Eq) was determined from the relation. 

H c = H o ~ H 1 

to 

and the value of static pressure coefficient in the 
wake (S) was determine d from the relation • 




H 0 - Pi 
?o 
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The drag coefficient was then determined from the 
formula given below. 

C> d = (2 J S 2 - H c (1 - / 1 - H c ) . 

wake c 

Where y w is the distance normal to the wake centre- 
line velocity , from the position of maximum value 
of ff Q to the point at which readings are taken. 

The value of C d at an interval of 0.1 cm on either 
side of wake centre-line velocity were determine d. 
Simpsons rule was then applied to obtain the value 
of the above mentioned intergral. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

The experimental inve st ig at ions were 
carried out at three different free stream turbul- 
ence intensitie s. Without the grids, the turbulence 
intensity in the cascade tunnel was 1.18%. With 
the grids, the turbulence intensities were 1.61 % 
and 2.78 % respectively. The mean velocity measure- 
ments in the wake region were carried out for three 
incidence angles of -4° ,0° , and +12°. Beyond this 
incidence range, the flow was in the stalled reg- 
ion. The me asurements were taken on the central 
blade at the mid span. Flow observed to be two 
dimensional. 

4. 1 Mean Velocity Prof He : 

Figures (15), (16), and (17) show the 
mean velocity profiles across the wake for an 
angle of incidence of -40 for the three values 
of free stream turbulence. 

The mean velocity profiles are asymmetric 
about the wake center line (y/c - 0 ). This asymm- 
etry is maintained at locations downstre am of the 
trailing edge as well. The velocity defect decrea- 
ses in the downstre am direction. Far downstre am 
the wakes of adjacent airfoils interact. With 
increase in the turbulence intensity , the ratio 
of centerline velocity to wake edge velocity 
decreased. At xjc = 0.9125 , it has a value of 
0.60 at turbulence level of 1.18% compared to 0.56 
at Tu = 2.78%. At x/c = 2 , this ratio recovers to 
0.91 for Tu = 1.18% and 0.94 at Tu= 2,78%. Thus 
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wake decay appears to be faster for the case of 
higher turbulence in free stream. 

Figures (18), (19) and (20) show the plots 
of mean velocity profiles across the wake for ang- 
le of incidence of 0° for the same values of tur- 
bulence intensities. The velocity distributions 
are again asymmetric as in the case of previous 
incidence angle. The ratio centreline to wake 
edge velocity is 0,65 compared 0,60 in the previous 
case at Tu=l. 18$>. There is decrease in this value 
with increase in turbulence intensity # The centre- 
line velocity recovers to 94 $ of wake edge veloci- 
ty at- x/c - 2.0 in all the three cases . 

Velocity defects are larger for the case 
of incidence angle of +12° (Figures 21, 22,23) *' At 
x/c. = 0.0125, the centre-line velocity is only 
30fo of wake edge velocity. However it recovers 
to a value of about 88f> at x/c, = 2.0. 

Asymmetry in the velocity distributions 
is more pronounced closer to the trailing edge. 
However it is apparent even at x/c = 2,0, 

Using scaling velocity as the difference 
between the maximum and minimum velocity (U Q = 

U e ~ U c ), and two different scaling lengths 
L and L nn for suction and pressure side respect - 
ively), the mean velocity data has been reduced 
to a single curve in Figures 24,25 and S6. These 
figures for 12° incidence are typical of plots 
at other incidence angles. It is seen that simila- 
rity in velocity distribution exists for the three 
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turbulence intensities. L QS and L op have been 
defined a& per Raj and Lakshminarayana (5), L os 
and L 0 p are dist ance s on the suction and pressure 
sides of the wake centre-line , from the point of 
minimum velocity to a point where velocity is 


i(u £ 


V* 


In Figure (29) , U 0 L 0 /U e fC has been plotted 
for +1SP incidence . This factor is nearly constant 
with downstre am distance. It showed a similar 
trend for -4° and 0° incidence angles. 

4 , 2 Variation of wake centre-line velocity with 
down stream distance : 

Figure (30) to Figure (35) show the 
variation in wake centre-line velocity with down- 
stream dist ance in simple as well as logarithmic 
scales. x 0 /c has been obtained following the 
procedure of Raj and Lakshminarayana (5). The value 
of x Q /c is in the range of 0.019 to 0. 032. Effect 
of stream turbulence on U Q /U e does not seem to be 
appreciable at present levels of turbulence inten- 
sities. x Q /c values in the present experiments are 
in good agreement with the values of Lieblein and 
Roudebush (4). x Q /c decreases with the increase 
in free stream turbulence . 

4. 3 Variation of wake edge velocity with down stream 
distance : 

The wake edge velocity can be expressed 
as OgV/U/A where the walue of m is found to be 
0.0875,0.052 and 0.0349 at incidences -4°,0° n and 
15 ° respectively. Figure 36 to Figure 41 shows fbe 
variation of wake edge velocity in simple as well 




24 


as logarithmic scales „ These values are in the 
range of values obtained by Raj and Lakshminara- 
yana (5).. The free stream turbulence does not seem 
to have an effect on the value of . 

4 ‘ 4 Coefficient of drag : 

The coefficient of drag for the different 
incidence angles and freestream turbulence are 
shown in table (5). The value of C d showed good 
comparison with the values of O d obtained by 
Richard & James (14) in NACA TN 3937 for similar 
blade profile and inlet angle . There is some 
decrease in the value of O d with increase in turb- 
ulence intensity. 

Table 5. 


i 


c d 




2!u - 1.18% 

1. 61% 

2. 78% 

Ref. (14) 

-4° 

0 . 025 

0. 023 

O f 022 

0 . 020 

OO 

0. 017 

0. 014 

0 . 013 

0. 015 

12° 

0. 013 

0. 011 

0.011 

0. 01 25 


due to lack 

of time , 

turbulence 

measure- 


ments could not be carried out in the wake of 
cascade. 
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CHAPTER 5 
CONCLUSIONS 

( 2 ) a three dimensional spherical probe has 

been e xtensively calibrate d using a specially 
designed calibration rig K In addition turbulence 
grids were designed to give a stream turbulence 
level upto 2.78$> at the cascade inlet j 

(2) Detailed me asurements of moan velocity 
distribution in a compressor cascade wake has 

been carried out at a Reynolds number of 1.31 X 10 , 
a subcritic al value. The measurements were made 
at three incidence angles, ~ 4 °, 0 °, and +12°. 

Asymmetry in velocity distribution is observed 

even upto x/c = 2.0. 

(3) Similarity in the mean velocity distrib- 
ution is observed at the three incidence angles 
for different values of free stream turbulence. 
Similarity parameters has been calculated for 
different cases. 

( 4 ) Stream turbulence intensity does not 
significantly affect the wake decay upto a stream 
turbulence of 2. 78f>. 

(5) There is a decrease in the value of drag 
coefficient with increase in turbulence intensity. 

(6) In future studies, turbulence measure- 
ments in the wake should be included. Wake charac- 
teristics can be studied at higher turbulence levels 
of freestream to see if there is significant effect 
on wake decay at these values. 
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Rg.12 Calibration curves for the inclination 
factors K5 & Ky 
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Rg.21 Mean velocity profile at 12° incidence 
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Fig. 25 Similarity in mean velocity 
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Variation of wake centre line velocity with 
downstream distance logarithmic 
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Fig. 39 Variation of wake edge velocity with 
downstream distance logarithmic 










60 


r = s lc p e = T an 2 - 00 3 49 



-ig.41 Venation of wake edge velocity with downstream 
distance logarithmic 



















